In a remarkably short period after the identification of nitric oxide (NO) as a novel signaling molecule in mammalian physiology, the critical role of L-arginine biosynthetic pathway in lung function became apparent (1). Numerous cell types within rodent and human lung (2) expressed one or more of the three known nitric oxide synthases (NOS) that catalyzed the five-electron oxidation of the N-terminal guanidino group of L-arginine to NO. The second of these oxidoreductases to be cloned (NOS2) is more commonly referred to as iNOS as a reflection of its unique features, including its ( 1 ) activation being independent of transient increases in intracellular calcium; and ( 2 ) inducibility at a transcriptional level in response to inflammatory or immunologic stimuli (3). The fundamental role of iNOS-derived NO in host defense contributed to the extraordinary large number of investigations into its regulation at transcriptional and post-transcriptional levels (4). Concurrent with these advances in iNOS regulation was an increasing awareness of the role of hypoxia in gene expression; and, thus, it is not surprising that these two areas of study have intersected. In this issue, Zulueta and colleagues (5) report that although hypoxia per se does not affect iNOS expression in cultured rat pulmonary microvascular endothelial cells, it does modulate IL-1 ␤ and TNF-␣ induction of iNOS at pretranscriptional through post-transcriptional levels. The study underscores the complexity of iNOS regulation and provides important observations that can be used to assess cell-, stimulus-, and species-specific differences in such regulation.
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iNOS in Lung
Kobzik and coworkers (2) originally systematically localized iNOS in fixed tissue of rat and human lung. Immunoreactive iNOS was most apparent in rat alveolar macrophage after LPS and occasionally in human macrophage and endothelium in areas of chronic inflammation. Interestingly, both species showed immunoreactive iNOS in airway epithelium in normal tissue, suggesting the possibility of a constitutively active iNOS. Constitutively expressed iNOS in upper and lower airway epithelium was subsequently confirmed by Asano and coworkers (6) and Guo and colleagues (7) . These latter investigators noted that this unusual expression was lost when human airway epithelium was cultured (8) ; and progress has been made in identifying a soluble, heat labile, acid insensitive autocrinederived mediator that accounts for such expression (9) . The role of iNOS-derived NO and secondary reactive nitrogen intermediates in normal lung is unclear, but may be an important component of host defense (3) , as well as a source of NO for S-nitrosylation of hemoglobin during its transpulmonary passage (10) .
The contribution of intrapulmonary iNOS-derived NO in experimental acute and chronic lung injury has been revealed by pharmacologic and genetic studies. Our laboratory has shown that exposure to mixtures of cytokines and endotoxin of cultured rat type II cells (11) and pulmonary artery (12) or intra-acinar (13) vascular smooth muscle leads to induction of iNOS. It is apparent that virtually every lung cell is capable of such induction, although some (5, 14), but not all (15) , cultures of rat pulmonary microvascular endothelium have this capacity. Nonetheless, iNOS null mutant mice are resistant to carrageen-induced pleurisy (16) and ovalbumin-induced airway inflammation (17) , and pharmacologic inhibition of iNOS reduces lung injury and permeability changes secondary to smoke inhalation (18) , cecal ligation and puncture (19) , and hemorrhagic shock (20) , suggesting a contributory role of iNOSderived NO to acute lung injury. We recently reported that cytokine-stimulated cultured rat pulmonary artery vascular smooth muscle cells produce an NO-dependent toxicity to co-cultured rat pulmonary microvascular endothelial cells (15) , suggesting an inflammatory effector role for vascular smooth muscle cells. Alternatively, iNOS-derived NO appears to be anti-inflammatory in hyperoxic lung injury (21) and reduces mycoplasma-induced lung injury (22) in intact mice and reduces the sensitivity of cultured sheep pulmonary artery endothelial cells to endotoxin-induced apoptosis (23) . It is apparent that the source of iNOS-derived NO and the amount and rate at which it is formed selectively affects various proinflammatory stimuli.
NO is an important mediator in maintaining low vascular resistance in lung and this is readily demonstrable in the transition circulation and in acute and chronic hypoxia. Although the pulmonary circulation of eNOS-deficient mice is hypersensitive to hypoxia (24) (25) (26) (27) , there also appears to be a contribution of iNOS-derived NO (28) . Chronic hypoxia was previously noted to increase iNOS in lung (29) , including increased mRNA levels of iNOS in pulmonary endothelium and smooth muscle of rat (30) . In this latter study, the authors demonstrated that hypoxia increased iNOS expression in isolated cultured rat lung endothelial cells and that hypoxia-inducible factor-1 (HIF-1) was essential for such regulation.
Hypoxic Regulation of iNOS
In addition to the above studies in lung, many (but not all) studies demonstrate a hypoxia-induced increase in iNOS gene expression. Nonetheless, differences between species, cell types, conditions of hypoxia, presence of other inducers, and fundamental differences between in vivo and in vitro experiments underlie a considerable degree of controversy, ambiguity, and diverse results. The first evidence that iNOS was a hypoxic-inducible gene was provided by Melillo and colleagues (31) (32) (33) , who showed that hypoxia in combination with IFN-␥ increased iNOS expression in an HIF-1-like dependent fashion in the murine macrophagelike cell (ANA-1). Using transient transfections, promoterreporter constructs, and targeted mutations, these authors showed the functional importance of a hypoxia responsive enhancer (HRE) in the 5 Ј flanking region of murine iNOS. Chronic hypoxia led to an induction of iNOS in hearts (34, 35) and central nervous system (36), but not the diaphragm (37) of intact rats. It is unclear why hypoxia enhanced IL-1 ␤ -mediated iNOS induction in cultured rat cardiomyocytes in the study by Jung (38) or in a hypoxic reperfusion model in cell culture by Chen and coworkers (39), but not in the study by Kacimi and colleagues (40) . In this latter study (40) , hypoxia actually decreased IL-1 ␤ -mediated iNOS changes. Similar discrepancies exist in hepatocytes (41, 42) . Alternatively, hypoxia has been shown to increase iNOS expression in tumor cells (43) and not to affect endotoxin-or IFN-␥ -induced increases in iNOS mRNA in mesangial (44) or aortic smooth muscle cells (45) . It is clear (46) since the original studies of Melillo and coworkers (31-33) that reoxygenation is required for iNOSderived NO production to proceed.
Considerably less is known regarding hypoxic regulation of iNOS in humans. Inducible NOS was elevated in cardiac biopsies in cyanotic children with congenital heart disease (47) . Although the underlying mechanism remains to be determined, it is interesting that exhaled NO is elevated in Tibetans and Bolivian Aymara living at high altitude (48) . Alternatively, hypoxia decreases exhaled NO in individuals known to be susceptible to high altitude pulmonary edema but not resistant individuals (49) . These latter studies suggest that hypoxic-induced changes in intrapulmonary NO production may be a homeostatic response to maintain a low pulmonary vascular resistance during such a stimulus. Support for this hypothesis and iNOS as a mediator of the vascular response to oxygen in the lung was provided in a kinetic study of the effect of altered inspired oxygen tension on NO production in normal human volunteers (50).
Complex Regulation of iNOS
Most of our current understanding of regulation of iNOS has been derived from analysis of 5 Ј -flanking region of murine (and to a considerably lesser extent, human) iNOS promoter. In mouse, two NF-B binding sites have been identified and the more downstream site accounts for LPS induction of iNOS. An upstream site contains enhancer regions with binding sites for ␥ -activated site element and an IRF-1 response element that account for IFN-␥ induction (51) . Although these and other sites are contained in a relatively proximal region ( Ͻ 1000 bp) from start site of initiation of transcription, the mechanistic basis of synergistic effects of cytokines remains unclear. One theory to underscore such synergism between transcription factors and gene regulation suggests that physical interactions between proteins enhances DNA binding affinity and complex stability, resulting in a highly stable multiprotein complex (52) . A recent study has shown that IRF-1 and NF-B interact during activation of murine iNOS (53) , suggesting that synergism may be secondary to formation of an enhanceosome or structural alterations in DNA conformation leading to bending or looping and enhanced transcription. A similar physical interaction between IRF-1 and HIF-1 in hypoxic murine macrophages (54) may explain why hypoxia, alone, barely affects iNOS expression, whereas when combined with IFN-␥ it greatly enhances expression of iNOS promoter-reporter construct or iNOS mRNA. This is similar to results obtained by Zuleta and colleagues (5) in this issue, where hypoxia and IL-1 ␤ϩ TNF-␣ increase activity of rat iNOS promoter in cultured rat pulmonary endothelial cells. Cytokine regulation of human iNOS includes a considerably larger region (3-16 kb) of 5 Ј -flanking sequence compared with mouse (52, (55) (56) (57) . Thus, it remains to be determined if hypoxia affects human iNOS in a manner similar to that for rodent iNOS (iNOS-HRE and interaction with IRF-1, NF-B, or other factors).
In the study by Zulueta and colleagues (5), although hypoxia itself did not affect iNOS mRNA levels, hypoxia significantly prolonged the half life of cytokine-induced iNOS mRNA. As the authors indicate, hypoxia has been shown to increase the stability of VEGF mRNA through activation of ELAV-like RNA binding protein, HuR (58) . Others (59) have shown that this same protein can bind to the 3 Ј -UTR of human iNOS and contribute to cytokine-induced increase in steady state iNOS mRNA in DLD-1 cells. Accordingly, post-transcriptional regulation of iNOS by hypoxia, especially in the presence of activating cytokines, may contribute to the large steady state increase in iNOS mRNA.
In summary, iNOS-derived NO has diverse functions in lung physiology, including critical roles in host defense and contributory roles in pulmonary vasoregulation. Accordingly, coordinate regulation of iNOS expression by cytokines and hypoxia at transcriptional and post-transcriptional levels in pulmonary endothelium is a fundamental aspect of lung function. In light of the well-known differences in regulation of iNOS between rodents and humans, it will be important to repeat these studies (5) in human pulmonary endothelial cells. Recent studies regarding hypoxia and cytokine regulation of iNOS in its 5 Ј (via multiprotein complexes [54] ) and 3 Ј UTR (via RNA binding proteins like HuR [58] ) are important leads for future mechanistic studies.
